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1_INTRODUCTION : - , ‘ : ¥

As' a result of many experimental analyses, it has been generally under-:
stood that many interactions involving high ener‘gy particles that result in =a
" four body f:lnal state proceed througb quasi cwo-body intermediate states. For

those- four-body final state interactions involving 2 5.8 GeV/c positive pion &——‘ |

' strik:l.ng.a proton, the dominant quast two-body states are that-of the A

elunnel and .nocleooic diffraetive dissociation; This thesis d:lscuaaes

| separation of thé A'H'p" -channel and-studies -the dynamics of  this :I.nt:eracg;u;n

.f.roa the point of view of the peripheral model. ; » ‘ 5
‘ The se:up for this e.:perimenr. at the Argonno Nar.ional Laboratory is

descr:lbed iu S»ction II of. this’ papet. The process o£ da:a teduct.ion, from

the scannmg of the ba‘oble chamber photougraphs to the productiocn of the data
smary tape, is describeéd in Section III. Additionally, total cross

sections for the reacnons 4 p »> p'n' trta are given. -

- There are seve*al models that may be compared with data ‘to 1earn so'ng--
thini about the dynanics _of hadron interactions. Applying these models to a
sample of events 1s usuelly ; straightforward mattex, but one- of t_he_ m;g; aif-
. ticult. tasks of the experimantai physicist is segfegating o'ut ehe sample of
events that belong to the channel appropriate to the model from the many other
channels. One method of Ch:-n!l“l separation Is.the Prisn Plot Analysis, and
it is. discussed in Section IV, Another method of channel assortment relies
on separation the channzls by their distribution in t.‘he rapidity var:lablet
Althouzh the channel selection process of this method is not quite 28 clean

as that of the Prism Plot, it provides some insight iuto the kine:natics of

the four-body state. The rapidity analysis is discussed in Section V,




As stated previously, once a smﬁle of events for .a given channel is

obtained,.it can readily be Appu.d to test the. predj.ctg.ons of a theoretical
nodel of the interaction. In this paper,. the'analysis- centers- around a
Regge pole exchange mechanism with special .attention ‘paid to the Peripheral

Model. In seétion VI° there is a discussion of the density mat:rix iIntroduced

- by Je D. Jackson ana K. Go:tfried. Addi:ionally, the Dar—-Watts*Waiaskgpf

- Absorpeion Model is. br:letly discuucd. In section VII a comparison is mde e

bof.wtn ‘the data "and thc predicti.ous of this nodel. T i . /
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II EXPERIMENTAL SETUP

A. BACKGROUND

'r!\e data used in this 'paper comes from an experiment done in September

'1968, .and again in February 1970, at the Argonne National Laboratory's

12_.5, GeV/e Zet§ ‘Gradient Synchrotron (2ZGS), where 300,000 ezpoéixrea vere :
made of .2 5.8 GeV/c poéii:ive pion beam iato ;hg 30 iach Mera Hydzogen .
Bubble Chg.mber; - The experimgntal.sett.xp has be;n explained in great detail
in several pie;iou;' pégers.-[-l'-Bl‘ %

B. 2GS 7° BEAM ‘L‘INE .

: At intervals of about t.hree times each four seconds, approxinately 5% -
of the prinaty proton beam in th° 2GS was deflected at an angle of 7° to 8°,
onto a copper target [See Figure 1]. Each pulse las:ed about 100 miczo-
seconds. Two quadtupolo nann*»ts al:.gned the beanm int.o a bending magagt that
deflected positive particles with -2 momentum of approxinat;ely S 8 Gevle
through a mome'ztum collima*or and a set of ele\.tros..a.tic separators. The
beam t\‘ 2 uen: th*ouoh a secord ben:h.ng magnet: and a similar s.at of elec~
trostatic separators. For tne final beza entering the bubble chambg.-;:_, it

was estimared tha... the pro"o contamination was lass than 0.3Z. Raon, nuon,

and positron contaminatio-z were limited io 0. 7%, 1.3%, and 0.1% tespact:ively.

: The magnetic field ia the bubble chamber was approximately 30 kilogauss.[aj



-:vertex, along the incoming beam tracs, and twice along each outgo:’.ng l'.rack.
. " In the case of the mcom-lg beam track being clustered within 2 na of anogher

ir neasured -to de"emina the incozning beam nomentum. 'Ihis infomation was

- the PEPR system developad at HIT. Using the guidance :h\put provided by ghe ;

] . PERR output was used by a ptog'am called TRIMERGE to match the- th:ee tracks

III DATA REDUCTION : o S AR s i

A. - INITIAL STEPS
The bubble chamber exposures were scanned on 1ma§e plane digitizer (IPD) it
tables. In order to gain reliability in momenta measerements »> a fiducial

volume was chosen which requi.red all outgoing tracks to be at least 18 centi...

neters lons :!.n order for the event to be accepted. "An even!: occurring wvithin -

th:ls fiducial volune was narked by a scanner for digital recording at: the

beam track, a: separate beam tra.ck in- the frame, outside the cluster, was :

punchcd on cards and fed into a digital computor for recording. e

Precise measuremen.. of track parameters was: acco-nplished through use of

scanners, PEPR measured and recorded the x and y coordinate’s of .xp to twenty

points per track to within about 50 mm.’ 'rhis information was. recorded for :' = 4]
each of the three canera vizws oato t‘trae separate magnetic tapes [4] The

of each particlo end to merge the three separate neasurements of PEPR onto - e ’i

a single record.[S] e . e e L e s Vo Bl s
B. FITTING PRCGRAMS |
The Three View Geonetry Pragram .(IVGP), written at the University of i i

California (Berkely) and modifia2d at the University of Maryland was used to

reconstruct the tracks iato three dimersional space.[6§] The fits done for

tracks were obtained by using the proten or pion mass for positive tracks,

-
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all errors as gaussian dis..ribu:ed whaa in fact, they are not.

and the pion mass for negative tracks. -

The three di:ilansionalltrack.s were kinemat;ically fitted as particles by
the SQﬁAW progr&n, which also originated at the University of ‘California
(Beri:ely), and was modified at the Argorne National Laboratofy and the
University of'naryland. [{7] The incoming pio;x mom.entum used to do éhe' :
kinematical fit:tiug vas obtained from a beam map. This was done since
nomenta measutements based on track curvatures are highly susceptible to

error. The bean map was essentially obtzined by £itting four-prorg events

_vitb a four coustrainc hypotheszs, startmg with an av&zage valt.e of t:he

beam momentum., Since four prong four-cons:raint events usually have lower
energy outgoing particles, thelr momenta can be mare easily measured, 5130,
fout—prong events with fou* constra:.nca would provide a relatively bat;ter ‘
neasure of particle moranta thag four-prong events with less than four ;
constraints. -Those-fou:'—pfong ever{ts' ‘that successfully met the four—c.o.nsgrgi“t
f:;.t .wete then used to prm)ide a new average monantum. The prdi:es.s‘is tep.aated :

-~

using\the sx.cceas‘ully fittod e"ents un:il the g.oba’o:.lity dist*ibution of the

events is flat [ng, 2] The sharp spiks near zero occurs since .LVC'P treats

The SQUAW prograx::, with each fit, zt tempts to mininize a valua defined

by

n - ;
P] £ _m
X gz( -X.) A; (r X)’
i,j ll ) 1 r % R 4 i

where n is-the number of variables, xi is a fitted variadle, x’in is the

corresponding measured variable, and Aij is an element of ‘the ihva:_se of

the error matrix for the measured varizbles. An acceptable value of y% is

usually less than six times the number of constraints in a fit [3].
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called ARROH‘J. '.l'ne program selec.ively rejec:ed events with x grea:e:

than six times their number of cons.ramts. Ionization errors ware also

The SQUAW output carried a maximuz of mine hypotﬁe:ical fits per
event. The following table is a listing of events that had more thaa

one successful SQUAW fit:

Events of the last t:wo types have no other SQUAW fits bacause hypo-lv

thases with zero cons..ra...nts .are the last to be -selez:ted onto the data

C. S:.LECTING EVENIS |

'L'he SQUA'J output was checked by a modified version of tha AP.’ROW program

checked by ARROWN by use of the varizble o, dofined b) : _ : : :T
i ;

o-.._.§(si~/1o B S sy 3

- q 31)' i e <

where'N is the number of tracks, B8 is the usual ratio of the partiéle

velocity to the speed of light, £ is the bubble density of the track,

and q is varied in order to minimize o [1,2,3]. Any particle misidentified

-10-




by SQUAW would have a éiscrepancy between its predicted and measured

donizations, causing the minimum value of ¢ to become greater. As with

earlier experimenl;.s using the Argonce National Laboratory's bubble chamber,

an uppef limiting value of .03 was set for o [8—11].- The jonization of

tracks in zpproximately one hundred eveats were hand measured and were

found to reasonably correlate to the icnization values given by the

: ARROUN program.

Obvious discmpanues such as an inoorrec:ly I.dentified. proton track

vould also cause ARRCWN to reject an evea:. Events that had more than

one successful fit had only the first threa fits with the highest number

: of constraints unt:en onto th° Data Sizmary Tapa, the output of ARROW‘I.

l‘ot eVents wiq.h more than one sacceas...xl fit the follow:lng formzt waa

used: a four constraint fit was chose'- over a fit v:lth three constzai,,;-_s *

a three constraint ﬁ.t vas cho.,en over a ona constraint fit > and & one
constraint fit was preferred over a fit with no constraints.
St ‘ :

AN

\ ..




IV _CROSS SECTIONS

A. CENERAL ' B ¥o culey ' bunia : e dghakian,
The pion flux was obtained by taking a track count on every bundredth
frame cnd ayeraging the count over the entire experiment. It was fcund that;

only 652 of‘ the four prong .events' scanned on the IPD tables were on the DST,

vhcrc thcy watc lost from systen error, failurc to make any SQUAW f:r.:s, or

_'vcre rcjcctcd ‘by ARROW for failing ionization cri(:e:ia. Assmning that gach

' four prons channcl had an equal probability of losseg during reduction, a

factor of .65 was uscd to correct for four prong-ft constraint event losscs.

- B. vzsnm'nmcmz g Y sak s _.

i An inportant source of errors is the misidentificat:ion of evcnts hy

the scanners because one or more particles in the. interac:ion hcd componengs

L of their velocity almost perpendicular to the observat:lon glass of thc 2

bubblc chamher. Identification prejudices due to this effect ‘can be

det‘eminad by an analysis of the visibility angle, 6, defined as’ “
e A oG08 Bv = C"?ne = L’) Ginc x %) i ' - et

‘-_.' TR X I ]?inch

-'is the momentum vector of the inciden: pion, k is a unit vector in

.p
in !
ths direction of tLe observatz.on window, and s is the momentum vector of

the slowest patt:icle in the reaction. An event witi:- 0 -9° is one in which

.the slowest particle traveled in the L dirsction. The distribution- of ev

for this experiment is shown in F:.g. 3. As can be soen,- there 4s 'a i !
defini:e decline in the event count in the tegions 14°>9 >166 , for the {"

evants. Since the ev distribution should be isotropic, it can be deter—

mined that the data lost approximately 4% of its events, necessitating

an increase in the number of events by a factor of 1.04.
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C. CROSS SECTIONS

The value for the hydrogen density used in Kha sanss Section skhon-
.lations ﬁ;s ,06151.001 gnlcna. The length of the fiducial volume usedv was
26.2%.35 éu;. Although this paper is Foncemed with t"'p interactions, data
anal).vais for an identical experiment involving ¥ p interactions was -also done.
The :éﬂts afé: _
' "'*b_ -+ prtety 2613 events or Z.21+.12 mb -
t’p}l pwf.'t-'.‘l’; : 1856 events or 1.39;2.0.8'_mb

‘Invariant mass 'distributions for various combinations of the interaction

.pa:c:lcles in the i+p reaétion are shown in Figs. 4 to 9. As can be ssen

from ?igs. 4 and 5, the P resonance is very pronounced while the A"'
barely discern:lble ‘2bove the backg*ound. Taere are alsou ‘strong indicators
of p" end £Y production [Fig.?] Thete is slso some mdical:ion of A meson °

production, vith the strongest euhaucemen: in the Az region [F:lg. 91.-

Sl S

~.
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momentum. pL. 'rhe Loren:z travcsfornmation for these var:lable.s :ls 2

, *
' Then we se2 that the quantitie.s q eare I.orentz invariant where, :

V_PRISM PLOT AVALYSIS

The A“o‘ channel analysis in this paper was based on events channeled :

by a ‘vnriat:lon of the Prism Plot Analysis done by Patrick A Miller, a
graduat. studeat uith the Laboratory for Nuclear Science [18). The Prism
Plot Ana].ysis j.nvolves the p"oudurc of sorting out the varioug intemediate
states tha: lead to the final state seez in the bubble chamber, such as

s P> p‘l+t+‘l « In the mller vers:lou, the otd:luzy prisn plot coozd:l-

pates were replaced with a set o! longitudi.nally Lvren:z mvariant vari... i

-

.ables..-_"~ e T pe-gh)

'rhese variables are composed of the energy > B, and longitudinal

-

T o RE Ay ) erza L e

where K-f(l-s)/(l+8) , ad  g= vlc. i OSSN

+

: 4 q-i- Ei le &
5% ’ : -(E + pr)
“t A Sl LT::

It :ls found that pa,.ticles arlsing ftom differem: intefmadiaté at:;tére's %

w:l.ll tend to occwy different regions of phase space. Th:ls is in fact:. g
the case, although the regions ocrupied by the variaus intemediate atat;:s :
overlap [19,20,21]. Briefly, the Prism Plot A*\alysn.s plots real evem:s
into a 3N-5 d:.mensional kineﬁatic space; N be:(np' che numoer of parz::l.c]_es

in the final state. For each intermediate stat:e lt: t:hen praduces a large
.numbe‘:j bf events having general kinematical properties of that part:lcular
éhatmal, ~and i)lo:s them together with the real events. The pléttez‘i space

is broken up into arbitrarily small boxes. Each real eveat is then gi.ven

AU

it
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"a probability §ai.gh:"fot each channel based on the number and type of

genaerated events ;hat occupy the box it 1s in. These so-calleq 'tagged'.
real evcnés then provide a production 2agular distribution for each -
chanéiel which is .used to generate events again, and the process is repeated.
This ite_rative ptocess" continues until the distribution of events in each
channel re.acixes a con;tan: forn, '_uhiclj: usually occurs after ten to twenty
itc.rat:lon:s.‘ When the analysis is finished, each eveﬁt:\cmiea a weigh:
for.belonging to each intermediate state. The sum of all weights for a
éhannal then givéé the ‘total number of eventé in the chamnel-[3]. of ﬁhe
2613 foﬁr prong-four cénstraint évepr.s on the DST, Mr. Miiler's Prism Plot ‘
A.nalysis fouqd 876 evants to be in the channel 1r+p -> A'H'p", giving a :
partial cross section for this chasnel of 740 + .090 mb. Figure 10 -

+

shows the invariaat mass distributions of the pv’ and the 7w sorted

out by this vprocess. :

-,

»\Q~ 4 : .' A' '.
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VI RAPIDITY ANALYSIS

A. RAPIDITY
_ If a pion strikes a proton in a bubble chamber and interacts to form one
or more resonacces, we would expect to find the decay products emerge from

the interaction in clusters of patticles corresponding to the respectiva

resonances. One method of analysing the clustering of particles is by means

of their lonsitudinal velocity. . This 1is because particles of a cluster, ) =
except for differential velocity acquired in the decay process, would have
the same velocity as the entire cluster in the linit where the sum of the

particle masses is tbe clcster mass. An ideal variable for :his purpose is

. rapidity, uswlly labelled y, defined as . : TR __" 1

y - ; 1nl[£+plllE-p]I - ; in l[m]lu—sll

where E, p, and B are the particle's energy, longitudinal ﬁxoznentmn, and
longitudiral velocity ratio respec_tively. Rapidity suits our fmrposee well :
hereﬁ‘:;m:e the oomentum of a particle is proportional to its‘ mass. Rapidit}'
has the Lorentz invariant property, eeibds |

dy = dp/dE; |

It therefore transforms 1ike a Galilean velocity. In other woxds, : a"

~ rapidity distribution mll I'a"e the samz shape in a’xy Lorentz frama along

the longitlxdical a_xis.
B. CLUSTER DEFI NITIONS

There are two general ways of defining clusters based on‘rapidity [12,
13,14]. élnce this paper is concerned with oaly the A’H'oo channel, only.
intermediate states having two clusters were co'nside‘red.. In mathod o.ne; all

the final state particles are combined in every possible combination that '




will provide two clusters. '

conpared with its corresponding partner.
].argest: gap in rapidity betwaen’ t.he clusters defines the two. clusters for a

given event. In method rwo, the particles are ordered with respeet to their

Parcielee ‘on e:l.ther side of t.he' largest gap are' then defined as conpo;;[g;g the
two 'i:lusi:era. In the following sections only clusters arrived at by method
two will be used. To clarif.y teminology-, a two by two clustex gtcuping

represents an event: wit:h the gep betwean the second an& third. particle, while

particles or t:he third and foart‘h particles.

the tvo methods dis»ussed above do not differ greatly..

‘shown in the table below. '

~The rapidity of one hypothetical cluster is

That combination that provides th,‘

? rapﬂities and the rapidi;y gap between each set of two particles is measured,

o ~a one by three grouping is one with the gap between the first and second

Cluster distributions besed on

The- distributions arc |

:{ - : CLUSTZR B
- st prtr - priw e it
el
X P . 364
: ) z2ey - .
wt 1130
: "(1323) 4
CLUSTERA 1= . 48Y
= (575)
prt 515
€369)
pr 123
(111)

METEOD 2
(METE3D 1)

TABLE 2
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: Section v provides relatively clean sa:xples of the various chamule, than w‘hy

: discnss a tapidi!:y analysis? The answer is tha: for a t.hzee body £:Lna1 etate, : *1
- 4
: eaeh iterat:lon of the anal,'sis can take an IBM 360 Computar up t.o 2 hours to j
|
'

.yet to be ~developad. For pract-cal reasons then. !..e.. hck of tine or famde,

; samp1< can be obtained tnroug‘x ra p:.d:.r.y analysis. In a later 8°et:ton we wil) S

_for each of. the final state patr.lcles in all tha fonr prong—foar constrajg:

" the positive rapidity region. A study of these four distributions can

To test whethet the clusters defired above actually ahow s:lgne of inter— .
nedi.at:e state resonances we can look at the invariant mass plots of the 2x2
clusters. .'rhe pr* and sts~ clusterings should be dominated by A‘H' and pY.
Method 2 provides a larget .sampli,ng of events in cbese groupings, and when

J.ooking at tha 1nvariant mass plots (See- I-‘:lg. 11) of these gtoup:lngc ve see

that they are :I.ndeed dominated by the ATF. and pY resonances. -

‘me quest:lon should arise that if the Prism Plot Analys:ls discussgd 1r~

mn._ 'the t.ime is lonoer for higher nultiplicit.y staces._ Additionauy, # -

t:aggiug routines for mul tiplicity states of the ordet of six or above have

4t may not be feasible to ccmplete a2 prism plot analysi.s for a set of data. 2, L

It is the purposo of this section ‘to de'*onst:rate that a reasonably cleen :

-

see that there is reaacnabla agreanem. between clustered and :agged evenu R
when their mass. distnbu.ions are compared. o % %
C. THE A*pY SAVPLE

r{gures 12& throuoh d show the ran:dity distribut.o-xs :ln the cu £rame 1

events. It is easily seen that the leaalng positive piom, defined as the A

pion witb the greater longitudinal velccity, :{nvariably emetge.s in t:he _

!
¢
® L
i
i

forward direc:ion while the proton invariably emergce in the ‘hackward
ditection. Hoaever, fully 4/5 of the slower poeit:ive plons 1lie in the

negative rapidity region while only adout 1/2 of the negative pions lie in

18-
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reveal several features of the interaction. Because of the greater number
of ﬁarcicles vithvnegative rapidity one could properly surmise that the
amplitude of nucleonic difffactive dissociation (DD) is greater than that
for pion diffractive dissociation. It is also apparent that the att re-

sonance events outﬁumbgr the AY events. The prism plot analysis confirms

& these hypotheses. In any case, the st can come from a praton (DD) channel

as well as the A+fb"vchanne1, and the pY ‘may aiso come from A meson decay.
it is oﬁé's major task then to isolate events that give rise to tﬁese
resonances into their proper ghan@els;

From kinemaﬁica]_. considexfations, ve would expect that quasi—two'body
1gtermediate stages, in wﬁich both in;ermediate particles themselves decay '

into two ﬁartiéles, would provide most of the events in the.two by two

particle cluster groupings. By a previcus argument we would expect the

AY%* sample to be small. Therefore, we would expéct té sea oY and fY .
mesons 1n'the'n+v‘ invariant mass of the 2 x 2 grogp; As shown in
Figui@.ll,-there is indeed a p¥ enhancement buﬁ very little if any £ meson.
This can be explained by the fact that because of the‘greét mass of the £V,
the decayiﬁg plons will carry much greater kinetic erergy. Since the £V
décays with an ahgdl#r distribution proportional tévcosza, where 8 {s the
polar angle in ;he Got;fried-&acksou frame of the £V, we would expact a
najofity of the decaying pions to have either extrcméiy high or low longi-
tudinal momenta, with a correspondingly large difference in their rapidities,
say on the order of 2.0. Because their momenta are relatively much grea:;z
tﬁan those of the pions from pY decay, the rapidity of the backward.pion is

closer to the rapidities of the att decay prodﬁcts than to its sister pion.

In a rapidity analysis it would then show ﬁp as a three by one cluster group.

-19-




We now have a fairly clean sample of 448 AH'p" events. Where are the.
other 450 events. discovered in the Prism Plot Analysis? Let's look at the pV
in its rest frame and define the polar axis as the direction of the vincoming

bean. : ¥

1I’+*
3 0 LAY
pias N P

.\*u-
The rapidiiy of the pV is greater than that of the At since t:he.pn |
emerges from the bean pion vertex while _the st emerges from the proton vertex.

(Fig. 14) frheiefote-;' pions décaying from the p® shoxilci have ; rapidity
gr;ater than either of ;he decéy products of the A++;'a£d we would see a two
by two clustering. Figure 13 shows the ;:l_istribution of cos 8 for this group,
and we see that it contains a higher proportion of éventé'vith 7/4<8<3n /4,

The nissing.eients then are those with7smal{‘6, which show up as ; three by
one_clustering. T ' .- e i a
. “Phére are ght‘ée types of three byl one. clusfer groupings, and they can
be definad by their respéctivé one particle clﬁstgré. The three types thean -.
are the proton .alon-e, negative pion aione; and positive ;;:lon alone. As migh.t

be expected, the proton alone groupings show A meson production and very .
little of anything else:(f’ig. 15) Ilt.no-.: remains to arnalyze the other two
types. e .

n.- N~ CLUSTER GROUPING

It turns out that the =~ cluster grouping provides a rich sample of :

A++p° channel events.(Fig. 16) Clearly, this cluster grouping represents
events in which the vector meson of the upper vertex decayed with a negative

pion in forward direction. If we compare these data with the »* cluster

=20~
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grouping mass plots (Fig. 17), we see that the ~ grouping is relatively
cleaner. This is to be'expecte& since there‘are more channels that can
possibly compete in events with the u+ alone.

There remains the matter of'separating the fY from the pY% events. A
mass cut .can be used to accomplish this, but a slightly cleaner cut can be
obtained by making airapidity cut. This is done by plotting the rapidities
ef i+i_ systems4that make up the mesons (Fig. 18). Since the p' 18 th;
lighter of the two mesons its rapidity will be greater, with a lower edge

-

about the value .7 (see Fig. 14). Figure 19 shows the invariant masses of

- the :+i and pn systems after this cut.

E. w GLUSTER GROUPING

" ) ++ O3
As shown in Fig. 16, the A pY charnel clearly dominates the @~ alone

cluster grouping. However, a look at Fig. 17 will show that this is not the

'caee.with the w+ alone cluster grouping. The nucleonic DD channel esbecially,

shares this cluster grouping. Now in reality, the K++b“ channel is a 2x2
c1;§€er grouping and proton DD is a 3#1 cluster grouping, so ﬁe migﬁ:
suspect that 3x1 cluster groapings in which the three partic]e width is
greater than the cluster gap itself might indeed be a 2x2 cluster gtouping.
Therefore, events were selected that either had a three particle rap-
idity width greater than the cluster gap, or had a cluster gap less than
1.0 in rapidity. '

The infariant mess distributions for the total selected events are
shown in Figere 20. One sea2s that the cut sample is indeed a fairly rich

source of K++p° events. With this finzl cut, a sample of about 800 events

had been accumulated for further study.
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VII THE ONE PARTICLE EXCHANGE PROCESS

A. THE PERIPHERAL NODEL
An examination of the rapidity distributions of the A*t and p" in
rigure..1A shows that in these intetactions [in the center of mass frame],

the meson predominantly scatters forward and the baryon scatters backward

: Observations of many ot&er types of inelastic interactions has shown that ic

-1s generally true that the secondary particles will form two clusters of

particles, associated with the primary beam and carget-particles. This

"observation, plus ‘the indications that many inelastic reactions proceed via

intermediate ététes, has led to the dévelopment of the pe;ipherai.model foi
strong inteégctions- ‘ i | : | -

The model pfoﬁo;es thai the interaétion pa:ticleé.do.ngt collide head
on, but glance at each other without significantly'chanéing their diieétioas. :
The ;edel vould-say that the incoming ﬁion interacts with the Pion cldud

surrounding the proton, rath°r than with the protoa itself.' The interaetion

is s;1d to be dowlnated by the exchange of a virtual particle, and ‘can be

depicted by the Feynnan diagran shown below.

Here, a and b are the incoming and target particles respectively,.c and d are
the intermediate resonances of the upper and lower vertices, e is thes

exchange particle and t is the four-momentum trausfer.




w v

particle, and indeed, as we will see in the data, it does dominate tha

B. THE EXCHANGE PARTICLE

For the particular case under study here. a is the beam pion, b is the
proton_:a;ggt, c the rho meson, and d is the dglta baryon. ‘The quantum
numbers Qf the exchange particle can be dedﬁced from conservation laws.’
Since the G-parity of a pion is negative and the G-parity of the rho is
positive, the exchange particle must have a negattvé G-parity. Its charm
aﬁd strangeness are zero since neither the pion nor the rho are ch;rmed or
strange particles; Conservation of Isospin réﬁdirgs the exchange particle
to have an isospin of 0,1 at the upper vertex, and an isospiﬁ of 1,2 at -

the lower vertex, fherefo:e, wa see its isospin is 1. A quick look in

the the Ro;énfeld Tables yill show that only pions and ;he A2 meson meet
these requiremenﬁs. ‘ | ' .

The peripheral model deals with long range forces as for example
the form of the Yuiawa potential, exp(-nt/r), where theirange of the
force is inversely proportional to the nass of.the exchange particle,

We\mtght suspect then that the lighter pion would be the primary exchange
AN

exchange process.

C. DENSITY MATRIX ELEMENTS

The decay angular distributiocns used in this study were derived by

Pilkuhn, et.‘al.[15]. For a resonance with J=1,

: Vi
W(cosb,4) = _;’:. . {%(1-900) + %(3p00~1.)co§ 0

Py lsinzec052¢ -.Ji chl 0sin29cos¢}.
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For a resonance with J=3/2,

spd . w R A
W(cos8,$) i {6(“4_"33) + 2(1 lop33)cos 0

zecoszea -2 Rep

- Z Rep_ _sin
3’-1 ] E

sin28cosd}.
3 _

31

In these equétions,- puv represents the density matrix elemeant. Let |u> be
the pure :spin states which contribute with weights 9; to the quantunm
mechanical mixture of a resonance: p is definad then by

- p= I |u>q <ul with Iq = 1.
u u , u u

" The subscripts of p refer to the"(ZJ-l—i) eigenstates of the Z .components of

the spin oﬁéréto;_of the resonance. n'm 48 then a (2J+1) dime'nsional' matrix

with the eleinents

r] = <p’p’v> £ zq;!u)p <u!v> .
R TLV) u L . £

We see' then thafpw is the Geight with which the state lm> is 'conta-ined in

‘ the mixture. A derivation of the density matrix is given in a paper by
ey £

Je Do chkson, et. al.[iS] and an eiegan: expianatior';. of the pr.op‘e::t:ies of
density matricas at.e given in a lecture by N. Schm:';:z_and !-i. Pilkﬁhn {16).
Our purpose hare is to understand th; basic properties of tﬁa~com_po:xents.of
the density ._l.n'atrix and thelr use in understanding the dynamics of high energy
in;e rat.;.tions . V :

The d'ensir.y' matrix has two genesral properties' Vperr:ine'nt to this investi-
gation. The first property is that the density watrix is normalized, that is,

= Tr = .
ﬁpuu P -

A second property stems from conservation of parity.- For an unpolarized

incideat bean

: - (=1Y"Y
Puv =" .
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This property holds because the matrix is Hermitian.[17] This rela;;ion is

equivalent to stating that g

p  =p .
B =h=-p A
D. PREDICTIONS OF THE ONE MESON EXCHANGE (OME) MODEL BASED bN DENSITY MATRICES.
Consider the prodv;nction of the rho meson at the upper vertex of the
diagram drawn in Section A. The process can be shown schematically in the

diagram belqw, with the particles shown in the form (JP)

L

) g ' @ e

p¥(@17)

Eatlier it was shown that only two mesons could be the exchange part::lcle 1n

order to conserve parity, angular momentum and :I.sospin, and .these were the

- plon and the Az meson. Let's check how these mesons will affect the density

mttix L

Case of o exchange particle. (A,)

t{!rom conservation of angular momentum, 1~1,2,3 and L =0. Parity
conservation requires L to be even. Conservation of L gives JzAz + 1.
From the definition of the density matrix : : 2

. =% <ulur? J
P Touluztng o

Thé Clebsch~Gordon coefficients for these calculations gives the value;

fo, ~ puO = (0, Again, using the normalization condition,
u s

(l-poo) >

The value of P11 is arbitrary.

Case of 0 exchange particle. (1' )

From conservation of angular momentum, L=1 and 1.2-0, therefore,

-25-




parity is also conserved since,

e () -DF = BGY) = -1,

" Conservation of the z component of angular momentum will allow only m

states equal to zevo, that is,

b |o> = |#1> are not allowed. ; s I
Therefore,

. i p:!:l.n 3 pm,:!:l ko 4 ;
Since the trace of the density matrix must éﬁual unity, it follows thaz,

Cise for the Lower Vertex.

As a final calculation we can determine the values of the density

. ’:

matri_.x elements fc;r the lower vertex. The 'scheﬁati;diagrén- for the re~ -
action would appear as follows: A .

T . L : . ¥ - L ; =
&h ' s N e ()
S g 3 e

g \ I - - - -
Since\tha proton has spin 1/2, preaictions for the density matrixz elements -

; can be made uniquely only for the case of a spinlgss'e.xchange particle.

Therefore, only the case of the pion exchange will be considered. Con-~ *

servation of angular momentum gives L=1,2 and I.z-b.__ Parity conservation
requires L to be odd. Conservation of Lz requiies xp-“.tlIZ. which equalsg
the z component of the proton's spin.

| : 12 g
p = p o= <*3/2|u> = 0.
nt3 33,0 u,_llz Y ‘ p\l

(The subscripts have been nultiplied by two to simplify mnotation). Again,

from the normalization condition,

. Ty
Py = SV Pys)
3 his
o 2 v
i e : .
-26-




VIII. THE ABSORPTION MODEL OF DAR-WATIS-WEISSKOPF

A. AN ABSORPTIVE MODEL

‘ Figure 22 shows that the cross section of the reaction u+p#A++b”
becomes stronglf attenuated for larger values of t, the momentum exchange.
" As explained earlier, the Peripheral model suggests the mechanism for this
ieaction is éion exchange with the bean particle glancing past the peri-
pherality of the ta?get.' However, the nodél does rot suggest a éirong
ﬁepeﬁdency upon t, and therefore fails to explain the strong attenuation
in étos# section as t'increases. AAttemp:s to fit this phenonenon ﬂy
;sing form factors have proven unfruitful [25]. However, fairly good
’£1t§ for the croés section dependénce upon t have been given by an idea
génerally known as the gbsorption rmodel {15]. Qualitatively, the absorp-
tion model states that for higher energy inelastic collisions, there are
many channels which the collidiﬁg particles can'folloﬁ. »Th;se channels
éompete with each other, and speéifically, cause the cross éection.of the

~

A’+bhgghanne1 to §e reduced._ fince ¢t is inversely proportional to :h.fim—
pact parame:;r, b, we again see from fizuze 22 that ﬁhu absorption effect
becomes stroager for smallér S. Now b is related to angular mbmentum J by
the xeiation, |
- RZ3(3+1) = (ob)“.

ﬂb wéuld éxpect then that mainly partial waves with amall orbital aangular
momenﬁa would feel the effects of .absorption most strongly [16].

We see then that the density ﬁattix element$ thai wére calculated in
the previous section must také account of the t dependonce of the c;oss

section., This is so because larger prcduction angles will correspond to

'larger t.




B. A NEW ABSORPTION MODEL FOR HADRON COLLISIONS

The differential cross section for a two-body reaction

a+b+>c+d,

with unpolarized incident beam is given by

- Wi ! ziadp|Mlrcra> |2
dt  64sk® (25,+1)(2sp+1) A

wixete S5 11 are the spin and helicity of .parucle i, 8 and k are the
square of the c.m. energy and the beax womentum respectively, and M is the -

scattering amplitude matrix [22]. For large enough values of the impact

parameter, Huj can be aﬁproxii:ated by éx} expression abtained from the Born
B approxivation [see Section 4, referemce 22): :

My () = Bpy ().

For smaller impact pavameters, in the region where b is smaller than the

target radius R, the above -re]'.ation is no longér true because of suppres?

r——

sio\n by competing channels, aﬁd
‘N

e

H“] (b) - for b<<g.

(b)<< B3

To account for the decrezse in thé_ matrix amplitu;':e; a factoxr is iantroduced -
such that,

. M[).](b) = n(b) B

.

D‘I(b) ’

where n has the fom'

n(b) = _ 1 Ll . =
TFerpl oBy/d) ; . _ |

Here R and d are the target radius and width respectively, which are assuned

to hbe constant for all chanaels [22]. Up to now, we have seen a description

of the absorétion model as given by Dar, Jackson ‘and Cottfried [23,24). The

model of A. Dar, T.L. Watts, and V. Weisskop{ modifies this coucept by
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allowing R and d to be functions of s, the squared c.m. energy. Their new

assumption.is that the radius R(s) and the width d(s) are slowly increasing
functions of s. R(s) takes ths form,

R(s) > 1 log s ,

ml so

m, was determined experimeatally to be, m; = 0.73GeV. R(s) is given in

units of fermis with B=c=1, and d(é) takes on a similar relation, being

'linearly dependent. upon log & {22]. This'relationship is suggested for

two reasons. Firstly, at higher energies more compating channéls'aze oben,

" and their influence reduces the amplitude. Secondly, the exchange ampli-

tude for mesons that are a=s yet unkacwn may become important at higher
energies.

With these assumptions then the absorption model mzkes prédictioué'

- for dﬁldt bised on the two parameters R(s) and d(s).

C. \COMPARISON WITH EXPERTMENTAL DATA

\iigure 22 shows a plot of the experimentai do/at comﬁared with the
ﬁodel.prediction. Figures 23 te 25 shovw piots of the various density matris:
elements with their corresponding theoretieai predictions. The theofetiéal‘
calculgtioas waére donz with the help of a FORTRAN program callad ABSOR
developed by T.i. Watts and-associates at MIT. Coupling constants for the

upper. and lower vertices were needed for the calenlations. They were obtained

by using the relations

T y=2 53. R:i [26)
o 3 4x M2
2 r - i -9—2_ Rs{ (Nit‘n;.r .)..‘.1.-— ,“1£_1_
. 6 4n M4 i m
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In these equations, p ie.the decay qomentun.of the decay particles in the
resonance rest frame and I' is the full width. The values for the coup-
ling constaants were found to be, '
g2/4n = 2,69, upper vertex,
' .G2/4n,-'0.279,'10wer vertex. .
. The values for R(s) and d(s), using events obtained through the
Prisg flot analysis, ﬁare dgterm;ngd by taking those pérametgrs éﬁat'

gave a least chi squared fit between the experimental and theoretical

- distributions of dd/dt. With s=11.78 6eV®, they were found to be:

R = 1.042 .012 fernl
d = 0 040 .02 fermi._
Values for R(s) and d(s) were addltionally obtained by using events

from the rapidity analysis discuss¢d eavlier and fznally, frem a sample

++
‘of events obtained by making simultaneous mass cuts fo: the A and p¥

resonances. The final values for the cluster’ analysis events were deter-
mi;;Qtto ba: s ‘ i . 2
' ' R= 1,11 % .02 feral -
d = 0.03 £ .02 ferni.

For the mass cut events the results were:

+

R= 1,03 ¢ .GZ fermi

-

d=0.03 £ .02 ferni.

‘CONCLUSIONS.

A graphic~al comparison batween the theoretical predictions for
R and d and the values calculated from the Prism Plot eveﬁts is shahn in

Figure 25, As can be seen, the theoretical prcdictions for R and d




ot

are 0.9 fermi and 0.12 fermi_téspectively. The most reasonable explanation
for this discrepency between the calculated and predicted values may be an
assumption made in the model that R and d are independent of the type of
exchange patticle involved in the interaction. The linear theoretical
projections for R and d shown in Figure 26 had been arrived at by fit:ing the
calculated values from the interaction,

. ®p+ n'n,
5: several different energies. This reaction involves p  exchange. It

would seem likely then, from the data shown here, that the absorption radii

‘for p exchange:may not necessarily be the same as the radii for interactions

with other exchange particles.
To follow up oh this conjecture a similar analysis was done on data
using a pion beam of 3.9 GeV/c. The partial cross section for the st

channel at this momentum was deternmined to be 1.50 # <04 mb{29]. By the

‘methods described above the following values were obtained:

\‘Q ! R = .985 * .oo7¢

' 4 .08 ¥ Lo

These values are also shown plotted on Flgure 26. Sincz the differentiél
cross section is very insensitive to changes in d, liétle can. be said here
about the bghavior of d for different values of the cm energy. However, the
values of R do seem to be consistantly high compared to.the predicted values
6f R. Many more experimental points will be necded of course, but there is
a good possibility that R values in plon exchange reactions are also linearly

proportional to log s, but larger than the R values fox corre;pondiﬁg values

of s, for the p meson exchange process.




In anylgase, ic 1s obviou; that the Dar~Watcs-Wéisskopf Absofption.
Model.providca an excellent 1nterpretati§n for ;he data prgaented here. It
should Se noted here alsd that the fitted t distribution for the Prism
Pio: sample'provi&ed a minimem chi squared approximately one third isw

" large as either the cluster analysis samplé or the maés cut. sample. .1: irdie
seems liﬂely ihat Sbsorption'radii are larger for ?ion exchange reactions
thaﬁ for rho meson cxchénée prqcesses,'however, further investigation is

needed to find out more quantitatively how the absdfp:ion_ga@ii behave

for various values of the cm eneargy.
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